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Abstract – This paper describes the application of the Huygens-
Fresnel Principle to acoustical diffraction modeling. A theoretical
formulation of the optics-based Huygens-Fresnel Principle is pre-
sented followed by a discussion regarding the modifications necessary
to apply the Huygens-Fresnel Principle to acoustical diffraction mod-
eling. Experimental results indicate the method is capable of model-
ing acoustical diffraction phenomena in a simple and efficient manner,
making it attractive for interactive virtual environments.
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I. INTRODUCTION

Diffraction of sound refers to the “bending mode” of sound
propagation whereby sound waves go (“bend”) around an ob-
stacle that lies directly in the line of straight propagation be-
tween the sound source and receiver [1], allowing us to hear
sounds around corners and barriers. Diffraction is dependent
on both wavelength and obstacle/surface size, increasing as the
ratio between wavelength and obstacle size is increased [1].
The frequency spectrum of audible sound ranges from approx-
imately20Hz to20kHz, corresponding to wavelengths ranging
from 0.02m to 17m. Since the dimensions of many of the ob-
jects/surfaces encountered in our daily life are within an order
of magnitude as the wavelength of audible sounds, diffraction
is an elementary means of sound propagation, especially when
there is no direct path between the sound source and the re-
ceiver [2]. Many auralization methods, and in particular those
intended for virtual environment applications where dynamic
update rates are necessary, are based on geometric acoustics.
They assume sound is a ray phenomena [1] and model all in-
teractions between a sound ray and objects/surfaces as specu-
lar, thus ignoring important effects such as diffraction and dif-
fusion. Although ray based approaches are simple to model
and implement, they are valid primarily for higher frequency
sounds where reflections are indeed primarily specular. In ad-
dition, they typically ignore the wavelength of sound and any

phenomena associated with it, including diffraction [3]. How-
ever, failure to account for diffraction can lead to a non-realistic
auditory simulation.

Despite its importance, diffraction is typically ignored by
many geometrical acoustical techniques [4], [2]. That being
said, a limited number of research efforts have investigated
acoustical diffraction modeling for virtual environment appli-
cations. Tsingos et al. [2] describe an extension to a beam trac-
ing approach capable of approximating diffraction. Their fre-
quency domain method, which is based on theuniform theory
of diffraction(UTD) [5], is valid primarily for higher frequen-
cies. Validation of their approach is shown in [6] and involves
a comparison between the actual measured impulse response in
a simple enclosure (the “Bell Labs Box”) and the impulse re-
sponse obtained by simulating the enclosure. Their technique
was the first use of a physically based diffraction model to pro-
duce interactive rate sounds in a complex virtual environment.

Various other research efforts have examined non-geometric
acoustics based diffraction modeling. Torres et al. [4] describe
a time-domain model based on the Biot-Tolstoy-Medwin tech-
nique [7], which computes edge diffraction components and
combinations of specular and diffracted components. Lokki et
al. [8] and Svensson et al. [9] have also investigated diffraction
modeling based on the Biot-Tolstoy-Medwin technique. Such
techniques are currently not applicable to interactive applica-
tions due to complexity issues.

Diffraction is a wave phenomenon and as a result, it is inher-
ent in both sound and light waves (in addition to other waves as
well). With respect to light, diffraction has received consider-
able attention. Diffraction effects are an important aspect in the
field of optics and have been studied for hundreds of years and
several prevailing theories have been established. One such
theory is the Huygens-Fresnel Principle, originally formulated
by Christian Huygens in 1678 and later modified/extended by
Augustin Fresnel. Although the Huygens-Fresnel Principle
is a rather simple approach however it can satisfactorily de-
scribe a large number of diffraction configurations in a simple
and efficient manner. Furthermore, as shown by Kirchoff, the
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Huygens-Fresnel Principle is directly derivable form the scalar
differential wave equation [10]. The Huygens-Fresnel Princi-
ple is based on the assumption that at every time instant, every
point on a primary wavefront can be thought of as a continuous
emitter of secondary wavelets (sources) and these secondary
wavelets combine to produce a new wavefront in the direction
of propagation. This assumption fits nicely with particle/ray
based auralization methods whereby the acoustics of an envi-
ronment is determined by emitting sound “particles” from a
sound source and tracing them through the environment.

This paper describes a simple and efficient probabilis-
tic acoustical diffraction modeling technique based on the
Huygens-Fresnel Principle. The technique described here is
incorporated into the sonel mapping framework [11]. The goal
of sonel mapping is to model the acoustics of an environment,
taking into account the relevant acoustical phenomena experi-
enced by a propagating sound in an efficient manner at interac-
tive rates for use in dynamic virtual environments.

A. Paper Organization

The remainder of the paper is organized as follows. A brief
introduction to the sonel mapping method is provided in Sec-
tion II. An introduction to the Huygens-Fresnel Principle is
provided in Section III while its application to acoustical mod-
eling is described in Section IV. Experimental results are pro-
vided in Section V and finally, a summary, discussion of future
work and concluding remarks are given in Section VI.

II. SONEL MAPPING

Sonel mapping [11] is an application of the photon mapping
image synthesis method [12] to auralization. Sonel mapping is
a two-pass probabilistic, “particle-based”, acoustical modeling
method whose goal is to model the propagation of sound within
an environment, currently taking into consideration both spec-
ular and diffuse reflections and absorption in an efficient man-
ner.

In the first pass (thesonel tracingstage), sound elements
known assonelsare emitted from each sound source and traced
through the scene until they interact with a surface. Each sonel
can be viewed as a packet of information propagating from
the sound source to the receiver, carrying the relevant informa-
tion required to simulate mechanical wave propagation. Upon
encountering a surface, a Russian Roulette strategy is used to
determine the type of interaction between the sonel and the sur-
face [13]. Based on the characteristics of the surface and the
result of a randomly generated number, the sonel is reflected
either specularly, diffusely or is completely absorbed by the
surface. When the interaction is diffuse reflection at a point
p, the sonel is stored in a structure called asonel mapwhile
a “new” sonel is generated and reflected diffusely by choos-
ing a random direction over the hemisphere centered aboutp.
Upon encountering a specular surface, the sonel is reflected
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Fig. 1. Huygens’ Principle.

specularly where the angle of reflection is equal to the angle of
incidence (specularly reflected sonels are not stored).

In the second stage (therenderingstage), the room impulse
response is estimated through the use of the previously con-
structed sonel map coupled with acoustic distribution ray trac-
ing. The impulse response is estimated by emitting acoustic
rays from each receiver and tracing them through the scene
while recording their interaction with any objects/surfaces. As
in the sonel tracing stage, a Russian Roulette strategy is used
to determine the type of interaction between an acoustic ray
and a surface it encounters. When the interaction at pointp is a
diffuse reflection, the acoustic ray is terminated and the sonel
map is used to provide an estimate of the sound energy leaving
point p and arriving at the receiver using adensity estimation
algorithm. When the interaction is a specular reflection, as in
the sonel tracing stage, the sonel is reflected specularly such
that the angle of reflection equals the angle of incidence. How-
ever, in contrast to stage one, when a sound ray encounters a
sound source, its energy is scaled to account for attenuation by
the medium and added to the accumulating impulse response.
As in stage one, when the interaction is determined to be ab-
sorption, the sonel is terminated. Other acoustical effects can
be modeled using this framework. This paper for example, ex-
tends the basic approach to handle diffraction.

III. INTRODUCTION TO THE HUYGENS-FRESNEL
PRINCIPLE

The Huygens Principle, developed by Christian Huygens in
1678, is based on the wave theory of light. Referring to Figure
1, the Huygens Principle states that every point on the primary
wavefront can be thought of as a continuous emitter of sec-
ondary wavelets (sources) and these secondary wavelets com-
bine to produce a new wavefront in the direction of propagation
[14].
The Huygens principle is itself not completely correct since if
each of the secondary wavelets were emitted uniformly in all
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directions then in addition to the forward propagating wave-
front, a wavefront propagating in the reverse direction would
also be observed when in fact it is not. As inferred by Fresnel
and later formulated by Kirchoff, these secondary wavelets are
emitted in a direction dependent manner based on anobliquity
or inclination factorK(θ) as [10]

K(θ) =
1
2
(1 + cos(θ)) (1)

where, as illustrated in Figure 1,θ is the angle made with the
normal to the primary wavefrontd. The Huygens Principle and
Fresnel’s modification are collectively known as the Huygens-
Fresnel Principle and can describe various diffraction config-
urations. A brief summary of the derivation of the Huygens-
Fresnel Principle as it appears in [10] is provided for complete-
ness in the following section.

A. Fresnel Zones

Referring to Figure 2, consider a sound source (S) and re-
ceiver (R) in free space (e.g., no obstacles between them). Hav-
ing originated at S at timet = 0 with an amplitudeE0, at time
t′ the wave will have propagated a distanceρ and its amplitude
will be E0/ρ. The wavefront at timet′ can be described as

E =
E0

ρ
cos(ωt′ − kρ) (2)

where,ω = 2πf is the angular frequency andk = 2πλ is
the wave-number (λ is the wavelength). This expanding wave-
front is divided into a number of ring-like regions, collectively
known as theFresnel zones[10]. The boundary of thenth Fres-
nel zone corresponds to the intersection of the wavefront with
a sphere of radiusr0 +nλ/2 centered at the receiver where,r0

is equal to the distance between the receiver and the expanding
wavefront after it has traversed a distance ofρ from the sound
source. In other words, the distance from the receiver to each
adjacent zone, differs by half a wavelength (λ/2).

Each Fresnel zone is finite in extent and therefore, as illus-
trated in Figure 3, a differential ring-shaped areadS can be de-
fined within a zone. The secondary sources (wavelets) within
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dS are coherent and assumed to emit in phase with the primary
wave. The secondary sources travel a distancer to reach the
receiver at a timet, all of them arriving there with the same
phaseωt−k(ρ+r). The strength of the secondary sources per
unit area ondS, denoted byEA, is proportional toE0/ρ within
a constant factorQ (e.g.,EA = QE0/ρ, whereQ = 1/λ).

The energydE reaching the receiver from all the secondary
sources ondS is given as

dE = K(θ)
EA

r
cos[ωt− k(ρ + r)]dS (3)

where the obliquity factorK(θ) is assumed to be constant
throughout dS and throughout the entire Fresnel zone.dS itself
can be given as a function ofr. Referring to Figure 3,

dS = ρdϕ2π(ρ sinϕ). (4)

Applying the law of cosines yields

r2 = ρ2 + (ρ + r0)2 − 2ρ(ρ + r0) cos ϕ. (5)

Keepingρ andr0 constant and differentiating Equation 5 above
gives

2rdr = 2ρ(ρ + r0) sinϕdϕ. (6)

Rearranging Equation 6 above,dϕ can be expressed as

dϕ =
2rdr

2ρ(ρ + r0) sinφ
(7)

and using the value ofdϕ, dS can now be expressed as

dS = 2π
ρ

(ρ + r0)
rdr. (8)

Finally, the energyEl arriving at the receiver from thelth zone
can then be determined by integrating over all differential areas
acrossZl and is given as

El = Kl(θ)2π
EAρ

(ρ + r0)

∫ rl

rl−1

cos[ωt− k(ρ + r)]dr. (9)



Performing the integration,

El =
−Kl(θ)EAρλ

(ρ + r0)
sin[ωt− kρ− kr]r=rl

r=rl−1
. (10)

and sincerl−1 = r0 + (l − 1)λ/2 andrl = lλ/2, Equation 10
can be evaluated, leading to

El = (−1)l+1 2Kl(θ)EAρλ

(ρ + r0)
sin[ωt− k(ρ + r0)]. (11)

The distance between adjacent zones differs byλ/2. There-
fore, according to Equation 11, depending on whetherl is even
or odd, the energy term will be positive or negative respec-
tively. As a result, the energy reaching the receiver from adja-
cent zones will be out of phase by half a wavelength and thus
cancel each other. The total energyE reaching the receiver can
be determined by accumulating the energy from each of them
zones

E = E1 + E2 + E3 + · · ·+ Em (12)

Since the sign of each zone alternates, Equation 12 can be
re-formulated as

E = |E1| − |E2|+ |E3| − · · · ± |Em| (13)

From Equation 13, it can be deduced that the disturbance
generated by the entire unobstructed wavefront is approxi-
mately equal to one half of the contribution of the first zone
[10],

E ≈ |E1|
2

. (14)

IV. ACOUSTICAL DIFFRACTION USING THE
HUYGENS-FRESNEL PRINCIPLE

The acoustical diffraction technique to be described here
utilizes the Huygens-Fresnel Principle as described above to
estimate the acoustical energy reaching a receiver from a given
sound source after being diffracted by an edge. Essentially,
given a sound source, receiver and edge, the energy reaching
the receiver is estimated by considering the energy arriving at
the receiver from the first Fresnel zone as in the unoccluded
scenario. To account for diffraction effects, a visibility factor
for the first Fresnel zone is introduced. The visibility factor
(denoted byv1) represents the fraction of the first zone vis-
ible from the receiver. Positions on the first zone are sam-
pled uniformly and ray casting is used to determine the frac-
tion of the zone visible to the receiver. The total visibility of
the zone is equal to the fraction of sampled positions where a
clear path between the sampled position and the receiver exists
(nvis), versus the total number of positions sampled (Nvis),
given mathematically asv1 = nvis/Nvis

A. Method Details

In order to determine the energy arriving at the receiver
from theith Fresnel zone (including the first zone), the position
of one of the secondary sources within theith zone is required
so that the obliquity factor (K(θ)) and the sampled positions
required to determine the visibility of the zone can be deter-
mined. In the sonel mapping method, at each sound source,
sonels are emitted and traced through the environment while
recording their interaction with any surfaces/objects they may
encounter. Upon encountering a surface, a decision is made as
to whether the sonel will be reflected specularly or diffusely,
diffracted or completely absorbed (the decision is made prob-
abilistically based on various parameters including frequency,
distance to an edge etc.). If the sonel is to be diffracted, its
position will be assumed to be on the edge (pedge). Since the
position of both the sound source andpedge are known, the dis-
tance between themrse can be determined. The radius of the
primary wavefront is then set to this distance (e.g.,ρ = rse).
Being on the edge itself,pedge will be located on the surface
of the wavefront and is assumed to be the position of one of
the secondary sources in this particular Fresnel zone (Zinit).
Although only the first zone is of interest, given the position of
a secondary source in any other zone, referring to the geome-
try illustrated in Figures 2 and 3, the position of a secondary
source in any other zone can be easily determined.

The initial Fresnel zone can be determined as

Zinit =
⌊

rinit − r0

λ
+ 0.5

⌋
(15)

where,rinit is the distance between the receiver andpedge and
r0 = rsr − ρ where,rsr is the distance between the sound
source and the receiver. Althoughpedge may lie anywhere
within Zinit and not necessarily on its boundary, it is assumed
that the obliquity factor is constant throughout the entire zone.

The total energy reaching the receiver from the first zoneZ1

can be determined as follows:

E1 ≈ v1 ×
|E1|
2

≈ v1 × |(−1)2
2K1(θ)EAρλ

(ρ + r0)
sin[ωt− k(ρ + r0)]|

≈ v1 ×
2K1(θ)EAρλ

(ρ + r0)
sin[ωt− k(ρ + r0)] (16)

where,t = (r0 + λ/2)/vs is the time taken for the secondary
sources on zone one to reach the receiver.

V. EXPERIMENTAL RESULTS

Two experiments are reported that indicate the effectiveness
of the sonel acoustical diffraction method.
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A. Experiment one

In this first experiment, the visibility of the first Fresnel zone
was determined for various sound source frequencies given the
sound source, receiver and the “infinite edge” configuration
shown in Figure 4. The sound source and receiver were located
at the same height and in line with each other and separated
by an “infinite edge”. The position of the single sonel on the
edge and hence the position of a secondary sound source (when
considering the Huygens-Fresnel approach) was also assumed
to lie on the same (imaginary) line as the sound source and
receiver. Frequencies examined were 63Hz, 125Hz, 250Hz,
500Hz, 1000Hz, 2000Hz, 4000Hz and 8000Hz.

A graphical summary of the results is provided in Figure 5
where the horizontal axis represents frequency and the verti-
cal axis represents the level (in dB) of the sound reaching the
receiver (the original sound source level was 90dB). The sub-
plot included in the bottom left corner of Figure 5 describes
frequency (horizontal axis) vs. visibility (vertical axis) of the
first Fresnel zone from the receiver position. As seen in Figure
5, the visibility of zone 1 is inversely proportional to frequency.
The decrease in visibility is due to a decrease in the size of the
first Fresnel zone as frequency is increased. A decrease in vis-
ibility also leads to a decrease in the level of the sound reach-
ing the receiver. As a result, as frequency increases, the sound
level reaching the receiver decreases. This conforms to theoret-
ical results that predict lower frequency sounds (and therefore
longer associated wavelengths), are diffracted more [1].

B. Experiment Two

In the second experiment, a “non-infinite” edge plane (sur-
face) with dimensions 6m× 6m was placed between the sound
source and receiver. The configuration of the sound source,
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edge plane and receiver is illustrated in Figure 6. The posi-
tion of the sound source remained stationary while the position
of the receiver was varied in one meter increments across the
“Y” and “Z” coordinates, beginning at position (85, 75, 75)
and ending at position (85, 85, 85). The sound source was
positioned one meter below the edge (on the Y axis) and the
receiver was positioned such that the “Y” and “Z” coordinates
corresponded to the upper half of the edge. In this experiment,
only edge effects were considered (e.g., no specular or diffuse
reflections etc. were considered). For each receiver position,
the sound level arriving at the receiver was determined by us-
ing the method described in the previous section.

The original sound level was 90dB and was equally divided
amongst sonels that were emitted from the sound source. All
of the sonels were diffracted on one the four edges of the plane.
The actual edge was randomly chosen as was the position on
the edge itself. Figure 7 and 8 illustrate the results for a sound
source of 250Hz and 500Hz respectively. As indicated in both
figures, the level increases as the position of the receiver in-
creases from its initial value of Y = 80. In addition, as with
the results of the previous experiment, a decrease in the sound
level reaching the receiver is generally observed as frequency
is increased.
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VI. SUMMARY

This paper presented an acoustical diffraction modeling al-
gorithm based on an approximation to the Huygens-Fresnel
Principle. Preliminary results based on modeling of two simple
configurations indicate the method can quickly and efficiently
approximate acoustical diffraction effects. This work is on-
going and currently, the proposed diffraction method is being
incorporated into the probabilistic (Russian Roulette) frame-
work of the sonel mapping method. At each sonel-surface in-
teraction point, based on several parameters of both the surface
(e.g., size, diffuse and absorption coefficients) and the sound it-
self (e.g., frequency) a decision is made as to whether the sonel
will be reflected specularly or diffusely, refracted, diffracted
of absorbed. With the inclusion of the proposed diffraction
modeling algorithm, sonel mapping is capable of modeling the
acoustics of an environment, taking into account the various
acoustical phenomena occurring as a sound propagates and in-
teracts with objects/surfaces in the environment, in an efficient
manner ultimately allowing it to be used in interactive virtual
environments.
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